The nucleocapsid protein (NP) of mumps virus (MuV), a paramyxovirus, was coexpressed with the phosphoprotein (P) in Escherichia coli. The NP and P proteins form a soluble complex containing RNA. Under a transmission electron microscope, the NP-RNA complex appears as a nucleocapsidlike ring that has a diameter of approximately 20 nm with 13 subunits. There is a piece of single-stranded RNA with a length of 78 nucleotides in the NP-RNA ring. Shorter RNA pieces are also visible. The MuV NP protein may provide weaker protection of the RNA than the NP protein of some other negative-strand RNA viruses, reflecting the degree of NP protein association.
Mumps virus (MuV) is the cause of an acute, but usually non-life-threatening, infection which occurs most frequently in childhood or adolescence. MuV belongs to the family Paramyxoviridae, genus Rubulavirus. The MuV genome consists of one nonsegmented single-stranded RNA molecule with seven negative-sense genes encoding eight proteins in the following order: the nucleocapsid protein (NP), V protein (V)/ phosphoprotein (P), matrix protein (M), fusion protein (F), small hydrophobic protein (SH), hemagglutinin-neuraminidase (HN), and large (L) protein.
The MuV NP protein is 549 amino acids in length and is composed of an N-terminal domain and a reportedly unstructured C-terminal tail (11) . The N-terminal domain is suggested to be the part mainly responsible for RNA encapsidation, P protein binding, and formation of the nucleocapsid (10, 11) . The primary function of the NP protein of a negative-strand RNA virus (NSRV) is to form the viral nucleocapsid by encapsidating the viral genomic RNA during replication. Crystal structures of nucleocapsidlike NP-RNA complexes have been solved for vesicular stomatitis virus (VSV) and rabies virus (RABV) (1, 7) . The crystal structure shows that the NP proteins line up side by side to form a continuous capsidlike structure, with the RNA accommodated in a central tunnel in the capsid. The nonsegmented NSRVs encode their own viral polymerases, a complex composed of the L and P proteins. In order to allow the polymerase to access the RNA template during viral transcription or replication, the nucleocapsid must undergo some conformational change to expose the RNA. It is expected that MuV NP has some similarity with these previously determined structures; however, differences are expected since the nucleocapsid template of a paramyxovirus follows a strict "rule of six," i.e., the length of the viral genome needs to be an integer of six nucleotides in order to serve as a fully functional template (12) .
A single vector was constructed to coexpress the MuV NP and P proteins in Escherichia coli at equal molar ratios by following the approach of Green et al. (6) . Soluble N-terminally His-tagged P protein could be copurified with the NP protein by affinity chromatography. When the loaded Ni affinity column was briefly washed with a buffer (20 mM Tris [pH 7.9], 500 mM NaCl, 50 mM imidazole), a portion of the NP protein was found to elute from the column (Fig. 1A, lane 4) . However, a significant fraction of the NP protein remained bound in the column. The NP-P complex was found to elute from the Ni affinity column at a concentration of approximately 150 mM imidazole. The fraction eluted by a mild wash was purified by ionexchange chromatography (HiTrap Q HP; GE Healthcare) (Fig. 1B) . Fractions containing the NP protein were further purified by size exclusion chromatography using a Sephacryl S-300 column (GE Healthcare) (Fig. 1E) . The NP protein was mostly in fractions corresponding to molecular masses larger than 300,000 Da, suggesting the presence of a complex much larger than the monomeric protein. Recombinant nucleocapsidlike ring structures were previously observed for VSV, RABV, and respiratory syncytial virus (RSV) (1, 2, 6) . It is therefore logical to suspect that this fraction of the MuV NP protein is also a nucleocapsidlike ring.
The purified MuV NP protein fraction was examined under EM using an FEI Technai Spirit electron microscope (EM) at the high-resolution imaging facility at the University of Alabama at Birmingham (Fig. 2) . The EM images clearly showed that the majority of the MuV NP protein is in the form of a ring similar to those observed for VSV, RABV, and RSV NP-RNA complexes (6, 9, 15) . A collection of isolated ring images were averaged using the program EMAN (14) . Since almost all the images were taken down the central axis of the ring structures and no tilt of the grids was applied during imaging, the averaging was carried out with only two-dimensional images. To build an initial model, 1,173 images were collected and averaged. Among different rotation axes, the 13-fold axis (C13) produced the best averaged image. Using this model, a final collection of 445 images was used to generate a three-dimensional model for the MuV NP-RNA ring (Fig. 2B ). The outer diameter measured for the averaged ring structure is 20.0 nm, and the inner diameter is 5.6 nm. The thickness of the ring is 6.7 nm. The shape of the ring, with one end narrower than the other, is similar to the shape of rings of other nucleocapsidlike particles. This number of subunits, 13, is consistent with that of the twist in the nucleocapsid of measles virus, another member of paramyxovirus family; the diameter of the ring and its hollow center are consistent with those of the nucleocapsid of measles virus (3) .
To confirm the size determined with the averaged EM image, the sedimentation coefficient (s 20,w ) was determined to be 32.191 S by ultracentrifugation by using the programs Sednterp and Sedfit (13, 18) (Fig. 2C) . The molecular mass calculated from the sedimentation coefficient is 853,000 Da. This molecular mass is within the experimental error when it is compared to the calculated molecular mass of a 13-subunit MuV NP-RNA ring (830,960 Da), assuming that the molecular mass of a MuV NP subunit is 62 kDa and that of six nucleotides per subunit is 1.92 kDa.
Similar structures of other recombinant NSRV NP protein complexes often contain encapsidated RNA. We measured the ratio of the optical density at 260 nm to that at 280 nm for the MuV NP protein complex and found the value to be 1.26, indicating that the MuV NP protein complex has encapsidated RNA. To characterize the encapsidated RNA, materials extracted with Trizol (Invitrogen) from the purified NP protein complex were examined by electrophoresis under denaturing conditions (Fig. 3A, lane 4) . The gel clearly showed that RNA is present in the complex. However, the length of RNA is more variable than what has been observed for the VSV, RABV, or RSV NP-RNA complexes (6, 9, 19) . Assuming that each NP subunit accommodates six nucleotides, the RNA in a fully occupied 13-subunit ring of the MuV NP-RNA complex should have a length of 78 nucleotides. In fact, a dominant RNA band corresponding to this length was shown in the RNA gel (Fig.  3A, lane 4, band I) . Additionally, a large number of RNA pieces smaller than band I were observed (Fig. 3A) . The ap- pearance of a dominant band, band II, which was actually part of a population of small RNA pieces, could be an artifact of ethidium bromide or SYBR gold (Invitrogen) staining. This observation suggests that the RNA piece encapsidated by the MuV NP protein during heterologous expression was not fully protected during purification, which is supported by the observation that the RNA in the MuV N-RNA complex is susceptible to digestion when incubated with RNase A for 1 h at 37°C (Fig. 3A, lane 6) . In order to determine the effect of pH, salt, and temperature on the susceptibility of NP-bound RNA, the MuV NP-RNA ring was incubated under a variety of different conditions. The 3 and 4) , and RNase A-treated MuV NP protein incubated at pH 7.5 (lane 6). The gel was stained with ethidium bromide. Two RNA bands are labeled I and II. (B and C) Purified samples of the MuV NP-RNA complex were incubated for 1 h under different buffer conditions. The samples were then returned to normal buffer conditions (50 mM Tris [pH 7.5], 470 mM NaCl) and allowed to incubate overnight at 8°C. RNA was extracted using Trizol (Invitrogen), and samples were analyzed in a 10% 8 M urea-polyacrylamide gel. Both gels were stained with SYBR gold (Invitrogen). (B) Lanes 1 to 6 correspond to the MuV NP-RNA complex incubated at pH 9, pH 7.5, pH 6.5, pH 6.0, pH 5.5, and pH 4.0, respectively. (C) Lanes 1 to 9 correspond to MW Marker (Century Marker; Ambion) and MuV NP-RNA complex incubated at pH 7.5, pH 4, pH 5, pH 9, pH 11, 42°C, 60°C, and MuV NP-RNA complex in 1 M NaCl (pH 8.3), respectively. 11404 NOTES J. VIROL.
at UAB LISTER HILL LIBRARY on January 18, 2010 jvi.asm.org conditions examined included pH 4, pH 4.5, pH 5, pH 5.5, pH 6.0, pH 6.5, pH 7.5, pH 9, pH 11, 1 M NaCl, 2 M NaCl, 42°C, and 60°C. The NP-RNA ring was incubated for 1 h under each condition and then returned to normal buffer conditions (50 mM Tris [pH 7.5], 470 mM NaCl). The NP-RNA ring was then allowed to incubate overnight at 8°C, and RNA was extracted using Trizol ( Fig. 3B and C) . It was found that the RNA contained in the MuV NP-RNA complex is highly susceptible to digestion by contaminant nucleases under several of these conditions. After incubation at a pH lower than 5, all RNA pieces were lost. This level of RNA protection is significantly less than that of the VSV NP-RNA ring (6) . At a pH above 6, no further loss of RNA was observed, which is similar to findings with the VSV and RABV NP-RNA rings (6, 9) . When the MuV NP-RNA ring was subjected to 1 M NaCl, the RNA was also lost, similar to the situation when the nucleocapsid of influenza A virus was treated with high salt concentrations (8) .
The RNA in the VSV or RABV NP-RNA complex was not FIG. 4 . EMs of the MuV NP-RNA complex were negatively stained with 2% uranyl acetate (magnification, ϫ42,000). (A) The MuV NP-RNA complex incubated in 50 mM Tris pH 8.3 plus 1 M NaCl; (B) the MuV NP-RNA complex as a precipitant in 0.1 M citric acid-sodium citrate (pH 4) plus 470 mM NaCl; (C) the MuV NP-RNA complex incubated at pH 4 and resolubilized by increasing the pH back to approximately 7.5. The ring structures in panels A, B, and C were comparable to that of the untreated MuV NP-RNA ring ( Fig. 2A) after the RNA was lost. These ring structures could be considered "empty-capsid"-like structures. The scale bar in the bottom right corner of each micrograph corresponds to 100 nm.
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NOTESaffected by high salt concentrations (6, 9) . Finally, the RNA was lost when the MuV NP-RNA ring was heated to 60°C for 1 hour. No information on heat treatment of other NSRV NP-RNA rings was available at the time this study was done. The loss of RNA at a pH of less than 5.0 or under high-salt or high-temperature conditions suggested that associations between the MuV NP subunits may be weaker than between the NP subunits of other NSRVs. EM images were taken of samples that had been subjected to different conditions as described above (Fig. 4) . These images ( Fig. 4A and B) showed that the loss of RNA from the MuV NP-RNA ring after various treatments was not due to denaturation of the NP protein. The ring structures remained intact after RNA was lost and looked like untreated MuV NP-RNA rings. These ring structures could be considered "empty-capsid"-like structures. One interesting observation is that the MuV empty-capsid-like rings formed rodlike structures after being subjected to pH 4.0 and then reneutralized (Fig. 4C) . It seems that the MuV rings could easily make top-and-bottom interactions as would be present in the superhelical structure of the paramyxovirus nucleocapsid (4, 17) .
Several NSRV nucleocapsidlike rings have recently been described (2, 7, 9) . Coexpression of the MuV NP and P proteins in E. coli has resulted in the production of nucleocapsidlike rings with morphologies similar to those seen in other NSRVs. The MuV NP-RNA ring contains 13 NP subunits and contains RNA. There are multiple sizes of RNA contained within the NP ring, which is not seen with other NSRVs such as the NP-RNA ring of VSV, suggesting that the RNA in the MuV NP ring is less protected (6) . The study of the MuV nucleocapsidlike particle will lead to further understanding of the unique features of the paramyxovirus nucleocapsid.
